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µSR experiments on the geometrically frustrated spinel oxide, Li2Mn2O4 , show the development
of spin correlations over a range of length scales with decreasing temperature. Increased relaxation
below ∼ 150 K is consistent with the onset of spin correlations. Below 50 K, spin order on a
length scale, which is long range for the µSR probe, appears abruptly in temperature, consistent
with prior neutron diffraction results. The oscillations in the zero field asymmetry are analyzed
using a three frequency model. By locating the muon site this is shown to be consistent with the
unexpected 2D q =
√
3 x
√
3 structure on the Kagome´ planes proposed originally from neutron
data. Longitudinal field data demonstrate that some spin dynamics persist even at 2 K. Thus, a
very complex magnetic ground state, featuring the co-existence of long length scale 2D ordering and
significant spin dynamics, is proposed. This is unusual considering the 3D topology of the Mn3+
spins in this material.
PACS numbers: 75.10.-b, 76.75.+i, 75.40.-s
INTRODUCTION
The phenomenon of geometric frustration is now seeing
a surge of interest due to the growing number of unique
ground states which arise from networks of spins in trian-
gular motifs.[1], [2] In particular, over the last few years,
discoveries such as heavy-fermion behavior,[3] spin-ice
ordering,[4] and even novel superconductivity [5] have
been observed in materials which have magnetic sublat-
tices of corner-shared tetrahedra (such as the spinels and
pyrochlores). This has led to increased theoretical in-
terest in these systems, which were originally suggested
by Anderson to be excellent candidates for exotic mag-
netism, such as the dynamic resonating valence bond
state.[6] Although very few examples in the literature ex-
ist of this elusive class of materials, new discoveries of the
complex magnetism in these systems continue to intrigue
the condensed matter community.
One of the more curious discoveries of late lies within
the spinel materials Li1+xMn2O4. These were once tar-
gets for the lithium ion battery community, but they were
later discovered to have complicated magnetic properties
based upon the frustrated sublattice that they have in
common. Complete removal of Li species results in λ-
MnO2, which orders below 32 K into a magnetic unit
cell with 256 spins.[7] The next member in the series,
LiMn2O4, exhibits partial Mn
3+/Mn4+ charge ordering
at 280 K followed by a very complex 3D long range mag-
netic order below 60 K. Remarkably, the long range order
co-exists with short range, nearest neighbor length scale,
order down to the lowest temperature investigated, 1.5
K.[8],[20] But it is the material Li2Mn2O4[9] which has
perhaps the most remarkable ground state. This mate-
rial is synthesized by chemie douce, or soft chemistry,
insertion of Li ions into LiMn2O4. The magnetic sub-
lattice, which is populated by Mn3+ spins, has a slight
tetragonal distortion (due to the Jahn-Teller effect) from
the ideal corner-shared tetrahedral network that is seen
in the cubic pyrochlores. Nonetheless, this distortion is
small, and the sublattice remains, topologically, three di-
mensional (see figure 1). D.C. magnetic susceptibility
data showed signs of short range correlations up to T ∼
400 K. Neutron diffraction on powder samples revealed
broad features indicative of short range magnetic corre-
lations appearing below 150 K. With decreasing temper-
ature these features took on a pronounced Warren line
shape, a signature of 2D correlations.[10] This is a re-
markable result given the 3D topology of the Mn sub-
lattice. The intensity of the Warren reflections increased
sharply between 50 K and 40 K in an almost first-order
fashion. The maximum 2D spin correlation length, ob-
tained by fitting to the Warren function, was ∼ 90 A˚,
a relatively large but finite value, which remained un-
changed from 40 K to 1.6 K. From the positions of the
magnetic reflections, the authors suggested that the 2D
correlations could be assigned to a q =
√
3 x
√
3 struc-
ture confined to the Kagome´ sheets (see figure 1), but
this assignment was based on the observation of only two
magnetic reflections.[9]
In this paper, µSR experiments confirm the onset of a
long ranged (on the µSR length scale) spin ordering below
50 K, and show evidence for the very short range order
setting in below 150 K. Moreover, substantial evidence
is provided for the q =
√
3 x
√
3 magnetic structure on
Kagome´ layers proposed from the neutron data, and may
suggest either a 2D order parameter, or the first-order
nature of the transition.
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FIG. 1: (a) A polyhedral representation of the structure of
Li2Mn2O4 showing the Li-O and Mn-O octahedra. The Li
ions have migrated from the tetrahedral sites in the normal
spinel, LiMn2O4, to the octahedral sites in Li2Mn2O4. (b)
The Mn magnetic sublattice, shown as a network of corner-
shared tetrahedra (which would be identical to the cubic py-
rochlore sublattice if not for the tetragonal distortion). This
can be described as Kagome´ layers which alternate with tri-
angular planar layers in the stacking direction normal to the
< 1 1 1> direction.
EXPERIMENTAL PROCEDURE AND RESULTS
Sample Preparation and Characterization
Li2Mn2O4 was synthesized according to the method of
Wills et al. by chemie douce, or soft chemistry insertion
of Li ions into LiMn2O4. LiMn2O4 was prepared by re-
acting stoichiometric amounts of Li2CO3 and Mn2O3 in
air at 650o C for 12 hours and 800o C for 24 hours, fol-
lowed by a gradual cooling to room temperature. The
product was reground and refired according to the same
heating routine and then tested for phase purity by x-ray
diffraction using Kα1 radiation on a Bruker D8 diffrac-
tometer. The Li insertion step was completed in an Ar
glove box. Three grams of finely ground LiMn2O4 were
added to 12.5 mL of 16 M n-butyl lithium in 40 mL
of sodium-dried hexane. This provides a slight excess
of n-butyl lithium. After gentle heating at 40o C for 5
days, the final product was filtered and washed well with
sodium-dried hexane. The product was tested for phase
purity using a Guinier-Ha¨gg camera in a sealed mylar
sample holder.
The magnetic susceptibility was measured in a sealed
capsule using a Quantum Design SQUID magnetometer.
The experiments were completed in field-cooled (FC) and
zero field-cooled (ZFC) sequences and using the recipro-
cating sample option (RSO) mode on the instrument.
µSR experiments were completed by enclosing the sam-
ple in a mylar-sealed sample holder with He exchange
gas. All experiments were completed at the M20 beam-
line at TRIUMF, Vancouver, Canada in a He-flow cryo-
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FIG. 2: The DC magnetic susceptibility of Li2Mn2O4 for an
applied field of H = 500 G. Zero field-cooled (ZFC) and field-
cooled data sets (FC) are denoted. A broad feature at ∼ 110
K suggests the onset of magnetic correlations (TONSET ), and
a sharper peak at ∼ 50 K corresponds to the Ne´el temperature
(TN ). The FC/ZFC divergence at higher temperatures is due
to magnetic correlations (there is no evidence for impurities
through x-ray diffraction measurements).
stat which reached temperatures from 2 K to 150 K. Zero-
field (ZF) and longitudinal field (LF) measurements were
made in applied fields of up to 2 kG.
Experimental Results
DC magnetic susceptibility measurements made in an
applied field of 500 G qualitatively reproduced the previ-
ous results of Wills and co-workers (see figure 2). There
was no Curie-Weiss behavior detected up to 350 K, and
indeed, previous measurements detected no such behav-
ior up to 800 K.[9] This is a signature of frustrated sys-
tems - the Curie-Weiss region is pushed to higher temper-
atures due to strong antiferromagnetic interactions be-
tween the spins. There is also a broad feature at T ∼
110 K which makes it difficult to perform a Curie-Weiss
analysis. This peak is interpreted as a signature of short-
ranged magnetic ordering of the Mn3+ spins. A cusp in
the susceptibility occurs just below 50 K, indicative of
the onset of the relatively long range 2D order found in
the neutron data. The divergence of the FC/ZFC data
at high temperatures could be due to a small impurity, or
the presence of magnetic correlations. The lack of impu-
rity lines in the x-ray diffraction data suggests the latter
explanation over the former.
µSR measurements in zero-field (ZF) identified a two-
3component lineshape which became prominent below 150
K. This data was fit to a Kubo-Toyabe function, to ac-
count for relaxation processes from nuclear dipoles, and
an exponential function, to account for relaxation of mag-
netic origin.
P (t) = A(fGKT e
−λslowt + (1− f)e−λfastt) (1)
where P(t) is the muon polarization function, A is the
asymmetry, f is the nuclear dipolar fraction, GKT is the
Kubo-Toyabe lineshape, and λslow and λfast are the re-
laxation rates (see figure 3). The former rate is slower
than the latter, which accounts for the quasi-static order-
ing seen above 50 K as a decrease in polarization at early
times. The fraction, f, represents the fraction of the slow
Kubo-Toyabe signal of the total signal. At high tempera-
tures (ie. 150 K), this is 1. As one cools down (see figure
5(a)), this fraction decreases as the fast exponential com-
ponent grows in size. This shows that a separate popula-
tion of spins starts to slow down and grow in size below
150 K, which correlates nicely with the broad feature in
the DC susceptibility at 110 K. At 57 K, this population
represents about 25 percent of the total asymmetry. Be-
low 50 K, about a third of the asymmetry is oscillating
(corresponding to about 50 percent of the spins ordered).
The Kubo-Toyabe lineshape is, explicitly:
GKT =
1
3
+
2
3
(1−∆2t2)e−∆2t2/2 (2)
where ∆2 is the second moment of the field distribu-
tion of nuclear dipolar origin. A rise in the relaxation
rate to a maximum at 50 K is typical of the dynamics as-
sociated with magnetic transitions to long range ordered
ground states. The physical origin of this is the longer
correlation times near a phase transition (known as criti-
cal slowing down). The lack of a sharp maximum at 50 K
could be due to either the coarseness of the temperature
steps near TN , or the abrupt nature of the transition.
The appearance of a second component at temperatures
much larger than 50 K, however, is unusual and its origin
is due to the gradual slowing down of spins over decades
in temperature (another common feature of magnetically
frustrated systems). A likely cause of this is the forma-
tion of short-ranged spin correlations, as suggested by
previous neutron work. It is also unusual that the re-
laxation persists to low temperatures below 50 K. This
is evidence for fluctuating spins co-existing with ordered
spins as T → 0 K. Further signatures of the dynamic na-
ture of this ground state is seen in the longitudinal field
measurements (LF), which show that even strong fields
do not completely decouple the signal.
ZF-µSR spectra taken below 50 K show an oscillating
component from muon precession in a local internal mag-
netic field. Fourier transforms revealed three well-defined
FIG. 3: (a) ZF-µSR spectra at 50 K and above with fits
described in the text. (b) Relaxation rate of the the two
components as a function of temperature. Below 50 K, a
different fitting function is used for the data.
frequencies, which were used to fit the data below 50 K
in the regime 0 s < t < 2 µs (see figure 4). For longer
time scales, the data was fit to a Kubo-Toyabe lineshape
multiplied by an exponential.
P (t) = AGKT e
−λslowt +A1 cos(ω1t)e
−λ1t
+A2 cos(ω2t)e
−λ2t +A3 cos(ω3t)e
−λ3t (3)
In this equation, Ai, λi, and νi are the asymmetries, re-
laxation rates, and frequencies of the three components,
respectively. A common phase, φ, was used for the three
components for the initial fitting process. Since this was
within error of zero, the phase was set to zero for the
final fits.
The asymmetries of the oscillating and non-oscillating
components are noted in figure 5. The drop in asymmetry
of the ordered signal at 50 K coincides with a rise of the
Kubo-Toyabe/exponential signal.
The asymmetry of the oscillating components was
found to be only about a third of the expected total
asymmetry, suggesting that only a portion of the spins
are ordered at 2 K. The remainder of the spins are either
still fluctuating or in short-ranged ordered spin clusters.
The three frequency fit represents the data well, however
the corresponding temperature dependence of all three
4FIG. 4: (a) Early time ZF-µSR spectra at T = 25 K. The fit
is to a three frequency model. (b) The Fourier transform of
this data, showing three distinguishable components.
components is uncharacteristic of 3D ordering. All three
show a very rapid increase to saturation below 50 K.
The low frequency component of the data has been fit
to the phenomenological form:
ν = ν0(1 − T/TN)β (4)
where β is the critical exponent. Although a rigorous
examination of the power law would require more points
around TN , it is clear that the transition is not mean-field
like (β = 0.5), or 3D Heisenburg (β = 0.33), as shown in
figure 6. The fit, to free parameters for β, ν0, and TN for
the lowest frequency component, is β = 0.14(3), which
is more consistent with the 2D Ising critical exponent
of β = 0.125, and a transition temperature of 48 +/-
2 K. The rapid increase of the precession frequency is
also characteristic of a first-order like transition, which
is echoed in the spin-spin correlation lengths extracted
from neutron scattering measurements.
The relaxation rate of the 1/T1 tail is approximately
a constant below TN . This is strong evidence that there
are coexisting regions of ordered and disordered spins.
Since the behaviour of the disordered spins (from the
1/T1 tail) changes abruptly below TN , these spins must
be involved with the transition (it is unlikely that there
is bulk phase separation).
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FIG. 5: (a) The temperature dependence of the Kubo-Toyabe
signal to the exponential signal above 50 K. (b) The tempera-
ture dependence of the three oscillating components (summed
together) and the non-oscillating Kubo-Toyabe function (mul-
tiplied by an exponential).
LF-µSR spectra show that most of the signal is decou-
pled with the application of applied magnetic fields. This
indicates that there is a large population of static spins.
However, there is a small fraction of spins (about 10 per-
cent of the total volume fraction) which do not decouple,
even down to 2 K and in strong fields (see figure 7 at
T = 2 K and T = 66 K). This suggests the coexistence
of magnetic order and regions of persistently fluctuating
moments.
DISCUSSION
Our µSR results present strong evidence for the model
proposed by [9], i.e. a q =
√
3 x
√
3 ordering for the
Mn spins in the Kagome´ layers. Below 50 K, there ap-
pears to be a population of spins (roughly 50 percent)
which lie in an ordered state with respect to the muon
timescale. In order to shed some light on the nature of
this ordering, one must first attempt to identify the muon
site. Given that there are three separate frequencies in
the data, the first place to start is to assume that the
muon is experiencing three distinct internal fields from
either the magnetic structure or different muon sites or
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FIG. 6: (Colour online) The temperature dependence of the
three fitted frequencies. A power-law exponential has been
fitted to the lowest frequency with β = 0.14(3). The two
higher frequencies show the same fit for the lower frequency
with a normalization factor. For comparison, the expected
power-laws for 3D Heisenburg and mean field theory have
been shown.
both. It is therefore important to locate the muon sites
within Li2Mn2O4 . The most probable site is one which
is equidistant from the oxygen positions. There are three
obvious choices for this: at the interstitial sites (3/8, 3/8,
3/8), (1/4, 1/4, 1/4), or (0, 0.75, 0.125). Detailed calcu-
lations of the field experienced by the muon at each site
were made by using the equation:
∆2 =
4
9
γ2µ
∑
µ2i
1
r6i
(5)
in which γµ is the muon gyromagnetic ratio (135.5
MHz/T) and µi is the dipolar moment at site i at a dis-
tance ri from the muon site. This is the relaxation rate ∆
(due to random nuclear dipolar fields) which is extracted
from the Kubo-Toyabe fits to the high temperature data
(150 K). Sums were made over several unit cells in length
in the three crystallographic directions. The theoretical
values for the relaxation rates at the three sites of interest
are listed in table I.
In the material LiMn2O4, the most probable site is in
the interstitial position (1/4, 1/4, 3/4), where the muon
has some mobility within the lithium-depleted structure
acting like a Li+ ion. This has been verified by detailed
µSR experiments and calculations on LiMn2O4.[11] How-
ever, in Li2Mn2O4 , all of these sites are filled by inter-
calated lithium atoms. The calculated relaxation rate of
0.132 µs−1 does not agree with the value found from the
FIG. 7: ZF and LF µSR data at (a) T = 2 K, (b) T = 66 K,
(c) T = 150 K. The data at 2 K in ZF has been omitted in
the early time signal where oscillations are observed.
Muon site ∆ (µ s−1) Comment
(1/4, 1/4, 3/4) 0.132 Occupied by Li
(3/8, 3/8, 3/8) 0.418 Interstitial
(0, 0.75, 0.125) 0.308 Interstitial
TABLE I: Possible muon sites with the calculated relaxation
rate. The (0, 0.75, 0.125) position has a value which is closest
to the fits derived from the muon data (∆ = 0.275 µs−1).
Kubo-Toyabe fits of 0.275 µs−1, suggesting that another
muon site is a better choice.
The site (3/8, 3/8, 3/8) is in an electrostatically favor-
able environment, surrounded by 6 oxygens in an octahe-
dral framework at distances of 1.5 to 2.6 A˚. This position
was found to be the muon site for the spinel LiV2O4 in a
recent µSR study.[12] However, the theoretical value for
the relaxation rate from this field distribution is 0.418
µs−1 which does not agree with the value obtained from
our data.
The best agreement with our high temperature Kubo-
Toyabe fits to the relaxation rate of 0.275(1) µs−1 is at
the (0, 0.75, 0.125) position. It is perhaps not surprising
that this is the most probable muon stopping site for
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FIG. 8: (a) The Kagome´ magnetic sublattice within the spinel
structure. A and B indicate the alternating Kagome´ and tri-
angular planar layer sites, respectively. (b) The muon stop-
ping sites with respect to the Kagome´ (A) and interconnecting
layers (B).
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FIG. 9: (a) The q = 0 Kagome´ structure and (b) the q =√
3 x
√
3 structure. The muon sites in Li2Mn2O4 are indi-
cated on the figures as circles, slightly above (grey) and below
(white) the Kagome´ planes. The magnetic sublattices in 2D
are marked by dashed lines. There are two muon sites for the
q = 0 structure, but six sites for the q =
√
3 x
√
3 structure.
Li2Mn2O4 . This is a tetrahedral site where Li resides in
LiMn2O4, but it is not occupied in Li2Mn2O4 according
to previous diffraction studies (all of the lithium atoms
are at the octahedrally coordinated 8c site (0, 0, 0)). This
is, therefore, a favorable position for the muon, which will
act like a Li+ cation surrounded by a four-fold oxygen
cage at distances of 1.92 A˚. It is also surrounded by 4
equidistant Li+ cations at distances of 1.82 A˚.
Given this result, one can now shed some light on
the muon precession frequencies observed at the order-
ing transition. Wills and co-workers suggested that a q
=
√
3 x
√
3 Kagome´ ordering is present within the py-
rochlore Mn magnetic sublattice. This leaves two sepa-
rate magnetic species - the ordered spins which lie within
the Kagome´ layers and the disordered spins in the adja-
cent triangular plane layers. Figure 8 shows this explic-
itly, with the muon stopping sites indicated. These are
located slightly above and below the Kagome´ planes, at
positions roughly in the middle of each Kagome´ plaque-
tte. Three different muon precession frequencies are seen
for our data, at roughly 46 MHz, 37 MHz, and 30 MHz,
corresponding to three different internal fields seen by the
muon. To see how this could arise in the q =
√
3 x
√
3
spin structure, consider figure 9. The two possible spin
structures are plotted with respect to the muon stopping
sites, which lie at positions just above and below the
planes as indicated. For the q = 0 structure, the muons
all experience virtually the same spin environment within
the magnetic unit cell. In the upper limit, the muon can
feel two frequencies within the unit cell (one for each
stopping site). However, there are six different internal
fields experienced by muons within the q =
√
3 x
√
3 mag-
netic unit cell. Detailed calculations of the internal fields
using dipolar interactions between the moments and the
muon sites reveal that there are indeed three frequen-
cies experienced by the muons - 4 sites which are nearly
degenerate with a low frequency, and the remaining two
sites with higher frequencies. Table II shows these results
explicitly, with excellent agreement shown with the ratios
of the three frequencies observed in our data. This also
is in qualitative agreement with the distribution of com-
ponents in the fourier transform, which reveals a broad
set of frequencies centered about 30 MHz (from the four
nearly degenerate fields), and two smaller components at
37 and 46 MHz (from the other two fields observed). In
conclusion, one can say with some confidence that the q
=
√
3 x
√
3 structure is consistent with the distribution
of frequencies observed in our data, given our choice of
muon site. The q = 0 structure cannot give rise to three
unique muon frequencies.
Frequency (MHz) Ratio (exp.) Ratio (calc.)
29.3 +/- 0.4 — —
37.3 +/- 0.4 1.27 +/- 0.04 1.34
46.4 +/- 0.4 1.58 +/- 0.04 1.46
TABLE II: Experimental frequency ratios for precession com-
ponents at 2 K. The ratios of these frequencies are compared
to the calculated values for the muon site in the
√
3 x
√
3
structure.
With this excellent agreement of the internal field at
the muon sites with respect to the ratios of the frequen-
cies observed, one can now estimate the size of the aver-
age static moment at the Mn3+ site. This is done by eval-
uating the the size of the field at these points by dividing
the precession frequency by the muon gyromagnetic ra-
tio (γµ = 135.5 MHz/T), and then comparing this to our
7calculations of the frequency distribution. The resultant
average static moment of 1.5(1) µB per atom is shy of
the expected value for Mn3+ moments of 4.0 µB . Re-
duced moments are common in magnetically frustrated
systems.[2] Another possible origin of the small moment
is that there are some disordered spins within the ordered
Kagome´ layers, leading to a lower average static moment.
In subsequent LF-µSR experiments, we observed that
applied fields do not completely decouple the signal
(see figure 6), which suggests that the dynamics are
not quenched easily. The rise of the relaxation rate
to a constant value below 50 K is consistent with a
dynamic ground state as well. Other frustrated sys-
tems, such as Tb2Ti2O7, show this behaviour, which has
been interpreted as a ground state stabilized by quan-
tum fluctuations.[13] The asymptotic relaxation rate, ∼
1 µs−1, is of the same order of magnitude. This dis-
tinguishes the behavior of this system from that associ-
ated with glassy spin freezing, such as seen in Y2Mo2O7,
which has a prominent cusp in the relaxation rate and a
low temperature value which is about 250 times smaller
than Li2Mn2O4 .[14] Highly correlated dynamics typical
of frustrated materials, such as spin-liquid behavior,[15]
would give rise to purely exponential relaxation, or “un-
decoupable” gaussian features in zero-field µSR .[16]
Li2Mn2O4 is qualitatively different from either a pure
spin glass or a pure spin liquid, with the co-existence of
ordered and fluctuating spins.
This partial ordering phenomena is rare in magnetism,
but perhaps not unexpected. Intercalated materials are
often found to be multi-phasic, for example, by virtue
of the reaction process, which depends on the reaction
kinetics of butyl-lithium on micrograins of sample. This
explanation seems unlikely, however, due to the lack of
impurity lines found in x-ray powder diffraction data us-
ing the Guinier camera. Partial magnetic ordering at
TN has been seen in a wide variety of materials, and
similar behavior has been seen in the µSR literature. One
material in particular, the oxygen doped superconductor
La2CuO4+δ, has recently been examined by Savici et al.
[17] It is believed, from the perspective of various experi-
mental probes, that the magnetism develops with the su-
perconductivity at the same temperature. However, the
magnetic component develops in an abrupt way - that
is, there is a rapid rise in the frequency of the muon sig-
nal at TN which is atypical of three dimensional phase
transitions. This is not due to a poor quality of fit to the
data - like in Li2Mn2O4 , the frequency has a discontin-
uous evolution at Tc . In La2CuO4+δ, the explanation
for this result is that there is a spin-density wave struc-
ture (as revealed by neutron scattering) in isolated, two
dimensional “islands” of spins which reside within the
superconducting fluid. The small asymmetry of the os-
cillating component (of about 30 percent with respect
to the total asymmetry) was used to calculate the the
size of these islands, and a corresponding “swiss-cheese”
model of superconductivity was developed to explain the
results. It may be that in Li2Mn2O4 , similar two dimen-
sional islands of the ordered phase coexist within a sea of
quasi-static spins. This could be due to inhomogeneities,
or due to some exotic ordering mechanism which favours
domain formation of such a ground state. Further studies
are clearly needed to distinguish the two possibilities.
With respect to other spinel oxides, Li2Mn2O4 has
common features with materials such as ZnFe2O4. The
low temperature ground state of ZnFe2O4 is an ordered
antiferromagnet with a k = (0, 0, 0) wavevector at 10
K.[19] However, it has been known for some time that
a short range ordered state exists at temperatures much
higher than TN - as high as 100 K. Broad peaks appear
in elastic neutron scattering experiments which persist
to low temperatures. In addition, the µSR data on this
material shows a two-component lineshape below 100 K
in accordance with the slowing down of spins in a short
range ordered state. With neutron and µSR studies com-
bined, the consensus is that at TN= 10 K, only about 30
percent of the volume fraction is long range ordered. The
remaining fraction are in “superantiferromagnetic” clus-
ters of short range ordered spins with sizes of about 30
A˚ (incidentally, this is in good agreement with the spin-
spin correlation length in the Li2Mn2O4 neutron scatter-
ing data of about 20 A˚ at 100 K [9]). The similarities
between these two materials are considerable, both with
short range ordered states at high temperatures, followed
by a transition to a co-existing long range ordered state
at low temperatures. The µSR data on ZnFe2O4 sug-
gests there is some competition between these two states
below TN , with the volume fraction of the LRO clusters
becoming larger at the expense of the SRO clusters. This
has not been observed in Li2Mn2O4 . Larger fields are
also needed to decouple the LF-µSR data in ZnFe2O4,
which suggests that significant dynamics play a role at
low temperatures. The ground state is inhomogeneous
in both cases, but notable differences exist between these
two materials.
A closer relative to Li2Mn2O4 is the single-lithiated
spinel LiMn2O4. As mentioned above, this material or-
ders into a LRO state at 60 K. The magnetic unit cell
is enormously complicated, with a k = (1/2, 1/2, 1/4)
structure and 1152 spins within.[8] A detailed magnetic
structure is at this time unavailable. However, it is known
that there is a SRO state which exists to high tempera-
tures. Recently, spin polarized neutron scattering mea-
surements revealed that above TN= 65 K the observable
magnetic cross section is entirely due to SRO spins on
a length scale of ∼ 3.5 A˚(second Mn neighbors). [20]
As the temperature is reduced below TN , the fraction of
the total magnetic cross section associated with LRO in-
creases, reaching a maximum value of only 50 percent at
1.5 K. Inelastic scattering shows that even at 1.5 K, ∼ 20
percent of the spins are still fluctuating. LiMn2O4 thus
shows a complex magnetic ground state with co-existing
83D LRO, SRO, and fluctuating spins. This is similar to
the situation found for Li2Mn2O4 but the details are dif-
ferent as there is no true LRO in this material but only
2D SRO of significant, but finite, extent at the lowest
temperatures.
In broader terms of comparison, Li2Mn2O4 is very dis-
tinct from other frustrated sublattices. Gd2Ti2O7 has
been suggested to be an example of a system which has a
Kagome´ ordering on a pyrochlore lattice.[21] The mech-
anism is very different in this case, with dipolar interac-
tions influencing the low-temperature physics of the Gd
moments ordering. However, the real canonical examples
of the 2D Kagome´ lattice are the jarosites. For years,
SrCrxGa12−xO19 (SCGO) was considered to be an ex-
ample of the unusual physics which develops in Kagome´
systems, being a material which has exhibited spin-glass
to spin-liquid characteristics depending on the Cr-site
coverage and sample quality.[16],[18] However, this ma-
terial, being of the magnetoplumbite structure, is bet-
ter described as an array of bilayer Kagome´ units rather
than the pure structure. The jarosites, of general formula
AB3(SO4)2(OH)6, with B being the magnetic species,
represent the best physical realization of the Kagome´
lattice.[22], [23] Although disorder within these layers is
common, most of these materials have a high site cov-
erage that is still within the percolation limit. A large
portion of them form LRO ground states as well, in either
the q = 0 or q =
√
3 x
√
3 structures.[24] The latter struc-
ture has been shown to be more stable than the former
due to quantum effects which choose this state from the
multitude of classically degenerate states.[25] However, if
one includes next nearest-neighbor interactions, the sit-
uation becomes more complicated. For second neighbor
(J2) and third neighbor interactions (J3), the q = 0 state
is preferred for J2 > J3 and the q =
√
3 x
√
3 for J2 <
J3.[26] The situation becomes even more elaborate if in-
terplane interactions are considered as well.[27] More de-
tailed studies are needed to clarify the nature of the spin
interactions in Li2Mn2O4 , such as been done recently
for the jarosite KCr3OD6(SO4)2 with inelastic neutron
scattering experiments.[28]
It is unclear why a three dimensional system such as
Li2Mn2O4 would order with small regions of correlated
2D spins. Although these spin clusters have been ob-
served in other spinels, as mentioned above, there is as
of yet no explanation for why this would occur. The
most intriguing work as of late is on the spinel ZnCr2O4,
in which the authors, through neutron scattering ex-
periments, demonstrate that hexagonal, 2D spin clus-
ters play an important role in the low-temperature spin
dynamics.[29] These hexagonal “protectorates” form in-
dependently of one another, and their excitations are the
origin for the local zero energy modes in the pyrochlore
lattice. It is suggested that the formation of spin clusters
might be a central theme of self-organization in frustrated
materials, which in many cases cannot have conventional
Ne´el ground states. Future work to measure the inelas-
tic spectra of Li2Mn2O4 would be essential in elucidating
the physics of these many-body systems.
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